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By Andre’ J. Meyer, Jr. and htmgan P. Hanson

.

Vibration investigations were made of two blade csscadee in
wind tunnels snd of bladee operated in the N&CA 249-h eupereonic
compressor. The results showed that the blade vibrations were prerr
ent at all tunu61 and compressor air velocities and were ir&.uenced
primsrilgbytumeldeeSgn~  eimula~dcentrifi.?galload+ng~  surging,
sn@Le of attack, end possible critical Mach mm&era.

I

i

The highest stress amplitude observed in the tunnel tests was
*39,6CO pounds per squsre inch, single smplitude, at a Mach nMber
of 0.81. Thema&mm ~c0ei0a streesinthe operat~ccmpressorvas
*23,2SOpounds per square inch, single amplitude, at aMsohnmiber
of 0.714; In the supersonic range, the maxlmum recorded atrese was
*14,500 pounds per square inch, single amplitude, at a Mach number
of 1.41.

An eial-flow ccmpreesor that utilizes superednic  shockwaves
to convert velocity into pressure is very promising seroQmmIcelly
because it produces a high pressure rise per stage while mahtainbg
high mass flow and good over-all efficiency (reference IL Mech-
anicslly, however, the supersonic coqreesor  produces many problems
because of the high peripheral speeds and thea susceptibfli$r
to vibration resulting fram its relatively thin blades.

For the NACA 24-inch supersonic ccqre~eor~ the~orlginally
proposed blades were 3 inches long, mly 0.048 iuch thick, and had
approximately 2@nch chords. !I!heuseofashroudtorestrainthe
vibration azqlitude  of the thin blades was planned, but the attachment
of the'shroud presented avery difficult problem. Bell-n @vee-
tigations of shrouds, both welded snd riveted, were made at the
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MACA Lsngley laboratory. Mechanical difficulties resulted even
thoughthese units were tested in Freon-12, a colnmercial refrig-
erant, which reduced the centrifugal stress to one-fourth the stress
produced in air at equivalent Mach numbers. The most desireible solu-
tion structurally, though impractical in terms of prcduction, appeared
to be the construction of the disk, the shroud, and the blades from
one piece. The inherently low d8mping properties of this type of con-
struction, however, further increased the vibration problem.

Vibration investigations  were therefore undertaken at the NACA
Cleveland Laboratory  of blade cascades in wind tunnels and of blades
operated in the NACA supersonic cxmpressm to dstermFrle the effect
Of blade thiC~SS~ centrifugel  force , demping, an&e of attack, and
=wm* The d8t8 ~3re presented in the form of curves and photographs.
Aeroaynetmic d&t8 fr0r~ the knne~ tests and compressor perfOzmaI%X data
8re not included herein but are avaflable in references 2 8nd 3.

VIBRATION IlIMVlXTIGATION  Op BLADE CA%ADES

~8ExQuch as the problem of vibration seemed probable in the
proposed de&gn, an investigation of blade cascades in 8 SUgerSCmic
tind tunnel w&s considered as 8 means of predicting the vibr8tion ch8r8c- u
teristics of the blades in the cqressor* Therefore, while the NACA
24-inch supersonic ccmrpressor w&s being fabricated at the 18hOratory, 'c
such en investigation was made.

Apperatus

Two s~Qersonic blade cascades of one-piece constructionwere
used in the invastig8tion. One, a three-blade  cascade wesmade pri-
mrilyfordevelo$ngthemac~technJque tobe usedonthe final
rotor, snd the second, a five-blade c8sc8df3, was made to Mestigats
v%ration end 8erQ~c‘ characteristics of the design blade. The
blades of the thxxe-bladecascade  (four p8ss8ges) had radial elements
with ttist along the span of the blades. The five-blade cascade bed
four passages with the outer blades instrumented with static-pressure
tubes to obtain aerodynamic  data. The profile of the blade was
Similar to that of the hub section of the bLEbde to be used in the
actual compressor (fig. I). The blades were machined with parallel
elements and without twist to produce rectangular air passages. The
origin81 design blades for both cascades (fig. 1) had a uniform
thickness of 0.024 inch with a wedge section having 8 height of
0.024 inch, the maximum thickness totaling 0.048 Inch.
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Two supereon%cwindtum3lswere usedtithe tivestigatkm,  one
beceuse itw8s resilily 8V8ihibk1 and the other, which was used later,
was designed specific8lly for the five-blade cascade. The first
tunnel w8s.of a closed-throat type in which the three-blade cascsde
was mounted. The second tunnel was an open-jet type (fig. 2) tith
the tunnel discharge are8 coinciding with the p8888ge area between
the outer tW0 blades of the five-blade cerscade.  Two nozzles Were pro-
vided for the open-jet tunnel; one nozzle was des%gned to produce a
Mach mmiber of 1.55, the designMach nmiber of the blade-root sectimt
snd the other nozzle was design& to proiluce aMach number of 1.62,
the des.ign Metch m&er of the bkde-tip section. This tunnel was
designed snd built ti the Applied Ccsqressor Reseerch Section of the
Cleveland laboratory.

A speciel loading, f&me was fabricated, which supported the
fLve-bl8de casc8de in the OFen-jet tunnel snd &ko tensioned the
blades bymesns of 16 bolts to S-ate the oentri~sl force imJeosed
on the blades durm ccmpressor operation.

A12-channelsmglifler  e&record&q oscillograph&reuseato
obtain permanent records of the signals fmm the s+zeJn gages mmnted
on the blades. The ~litIldPS~888  relation of the signals wss
checkedby usdng two C&ibratimmssns: (1) a signal ofkmwnvolt8ge~
end (2) asigIId ~8S~argageI116l;mtedcm8C~tilSVer  bar that
W&S OSCm8kd &kXmgh Kim defkGtiO& The StZ-988 atthe gw81oC8-
tion on th8 cantilever W&S a8tSmLhS d by direct C~Cfi8tiOu snd by
in%erpolatim from straWme 8suraents m8d.e with speciel equipment
forthispurpose.
.

Procedure

The first vibration tests were made with the three-blade cascade
in a closed-throat -1. 9%~ tests titicateathatthebladeswere
very susceptible to vibration through 8 considerable rsage of airveloc-
ities. The -l-was aeslgm3a far aM8Ch nmiber of 1.8, but the
choking C8uEled by the presence of the cascade lmted the operation
to 8 Mach nuBiber slightly above unity. Moreover, the mass of metal
supports the ti.2 and base of the blades could set up hap-and-shock
waves, which msy have influenced f&e Vibrations. k View of these
limitations, the &tawere questionable, butotherprel=AXpnr-
lmsnts to de&mine such factors as loCation of the best atraIn-gage
position and sand patterns Of vibrationmode proved V~d~ibl8 in
direct- further eqerimentatim,

The five-blade cascade was instrmentea with strain gsges on
the three C8IYLter blades and meesuresne nts were taken while the cascsde
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was subjected to the fullest air-velocity range of which the open-
jet tunnel was capable. Simultaneous Signals were recorded from
the three instrumented blades and analyzed to determine vibratory
StreSS and possible phase relation between vibrations of adjacent
blades. All vibration signals were corrected for the frequency
response of the recording equipment.

The first part of the investigation of the blades was made
with the thickness of the uniform section increased to three times
the original design thickness, which, including the wedge, gave a
maximum thickness of 0.096 inch. Additional runs vere made after
the uniform section had been progressively machined to give maxi-
mum thiclmeoses  of 0.072 inch, 0.060 inch, and 0.048 inch. Before
each run, the blades were uniformly tensioned by means of the
16 bolts in the loading frame. The tension stress was measured by
expendable gages located on the mid span at the leading and trailing
edges and at the mid-chord position of the three center blades to
give the desired uniform blade strees. The 0.096-inch-thick blades
were stressed to 45,000 pounds per square inch, the limit imposed
by the bolt strength. The blades of the other thicknesses were
loaded to'60,OOO pounds per square inch, the average centrifugal
blade stress at rated compressor speed.

Vibration surveys were conducted on the blades in both the
tensioned and untensioned conditions using both nozzles in each con-
dition. Eighest vibratory stresses were observed at a Mach number
of approximately 0.8; consequently, tests on the 0.048-inch-thick
blades were conducted once more with a tension of 23,000 pounds per
Square.inch, corresponding to the centrifugal st~ss at the speed
that would produce air speeds of a Nach number of 0.8. All &&I
numbers reported are of the air velocity at the entrance to the
blade casc8de.

'The damping of the one-piece construction employed is inherently
very low but was greatly.increased by the supporting and loading of
the cascade. It was therefore necessary to evaluate this added vari-
able. The increased damping effect was determined by the analysis
of vibration die-away curves made of the cascade while suspended by
thin wires, while in the loading frame, 8nd while mounted in the loading
frame in the tunnel.

In order to verify the necessity of the shroud, the tips of the
blades of the five-blade cascade were cut free from the shroud and
again mounted within the open-jet tunnel and subjected to 8 range
of air velocities.
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9 Discussion snd Results

c
The data presented sre results of the five-blade cascade tests

endmustbe regmdea 88 hmbglhitea 8CCUr8Cy because of the nakur.e
of the blade vibrations and the mlcontroll.8ble f8CtOrS affecting these
vibrations. For exmqle, the amplitude of Vibration is very war
as ~UStiSkdby 8X%3p33BIlt8tiv8  SW ShoMl fn figure 3. Themaxi-
mm amplitude on the record is the one US8a for further analysis ana,
awrzlg the period of exposine; the film, ususlly l/2 second,peak vfbra-
tions may not have been present. In order to obtain 8 gtm8b?2 degree
Of 8CCUr8Cy3 COZX%idtDable fti Wtid haV0 t0 be eXJJO8ed for each CQeP
8ta COIItitiOu. Ftlrt;hermOr8, the location of the gege proved to be
c3xCremely criticalanditwas iuqxmcticeltoreuse  the 881118 gage for
LllrUne. The d8t8 sf3ma to cmsist of scattered &ups of points;
however, by averaging  several points fm each condition, very definite
trends Were tidiC8ted.

The gelvarmmter elemmts of the recmd&g oscillograph respond
differently to tifferent  frequencies J 8.na therefore 8 COXT8CtiCXI
factor w8s applied to the observed stress to eltite the effect
of the difference between blade frequenoy snd calLbr8tor frequency.
A second correction factor ispolving total agrmplng w8s 8pplied to
the finsl data. a -SiS Of the vibration  die-8Wsy CW?V8 ShoWed
thatby supports theblade cascade tithelo8ddng f&me the dmpIng
tiCTe8Sed snd thereby reduced the vibration ermplitude. The pr0p088a
m-piece ccmpressor  constructiont  it is believed, has d-in@; prop-
ertieS cl0sd.y reSdblbg those Of the OaFpieCe blade C8SCade sus-
pended independently of thelcadIngfrsme.

The aero&yne&c dmcpingtient inthe systemcmuldnotbe
'eveluatea. This type of damgin@ msy help to decrease vibratiou
a??$litude in the ccqressor or it my increaSe qlitude bybecc&ng
IIeg8tiV83 8s &I the C8S8 Of ClSBSiC flutterrn If the am?OdynSI&C
damping present in the tunnel tests is nearly equal to that which
T&U occur in the cmpressm in fmrvice, the vibration char8cteristics
d&XTIIbU3a &a the tunnel ShOaa give 8 gOOd hdiC8tiOn Of thOSe present
in the caupressor~

Ths highestVibr8tory  Sk888 m-a in the tunnel With thefive-
blade cascede was a single amplitude stress of f39,600 pounds per square
inch. This peak stress was obserqed at a total thickmss of 0.060 inch
Viti idle blade untensioned,  With the high-vel.ocity  nozzle, and at 8
Mach nmiber of 0.8. With all d&8 potits 8VerBgea (Fig. 4) for both
the tendoned and mt8mi0ma condAtionsregardl8Se ofMachnmitmr,
the stress ticreased tith reduction inblade thiclnaess end therefore
the highest messured stress (39,6UO lbs/sq in.) *Od-a have 0ccma

r
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in the 0.046~inch-thick,  not the 0.060-inch-thick blade. The expla-
nation for th8 ttpparent discrepency  is present in figure 5 on the
reCOrdfi for the 0.048~Inch-thick b18d.e. A high8r-mod.e  vibratton was
being excited only in the untensioned O&48-inch-thick  bled8 along
with the fundamental  mode, which predominat8d in the other thick-
nesses end loading conditions. Th8 higher mode absorbed pert of the
energy excftkq the Wntalmode and thus reducedthe amplitude
of the blade vibration.

The effect of the two nozzles on the vibratory str8ss issho~
in figure 4, The nozzle design8d for aMach number of 1.62 prodUo8d
amplitudes end str8sses approximately twice as large 8s those pro-
duc8dby the nozzle with aMach rnaDb8r of1.35. Flow conditions in
the actual cca?@?essormayb8muchb8tt8r  thsnthose inthe tunn81,
because the inlet section is design8d for the air velocities expected
and flow will be sUbsonic until it reaches the blades. BeC8US8 noz-
218 cheraot8ristics  have such 8 decirled effect on blade vibrations,
it canbe deduced that the vibrations in the ccarpessor blades might
belowerthaninthe cascad8s.

Blade tension has the greatest effect on the blade vibration,
as is shown by figure 6. It$can be seen that in the untensioned
blade of 0.096-inch thiclmess, practically no stress amplitude was

'observed; this fact is probably ex@ained by the difference  in damping
due to the mass ratio of the blade and the remainder of the system,
Also, the blade stiffness was increased because cf its thickness, .
which affects the transfer of vibration energy. When the blade was
tensioned, the 8dd8d damping was removed and a higher stress resulted.
The damping correction factors w8re based only on results of the
thinnest blade and consequently did not include correction for mems
ratio and rigidity 8ff8CtS.

All runs> regardless of blade thicI~~8ss, blade tinsion, or nozzle,
showed similar vibration response to th8 Mach nUmber range. Represent-
ative cUrves of stress plotted against Mach nmiber are shown in
figure 7. The gage on blade 3 was better lOC8tXa with respect to
maxim~s vibratory Stress then those on blades 1 and 2 and the dif-
.feXenc8 ti Stl'WSS iS not IXWXSSeXily an indic8tiOn  that this blade
vibrated with higher emplitude. In am of the first rUns, blade 1
showed higher stress than was simUltan8oUsly  indicat8d far the other
two blades. The results of the more favorable location of the strain
gage (on blade 3) is slso shown in figur8 8. This figure was plotted
from data Obt8iIEa with a static-strain messuring bridge, the Strain
pr8sent having been produced by mechanically deflecting the blade in
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the center of the span at the leading edge. From this curve, the
vibration amplitude present can be estimated for any observed stress
in the 0.04%inch-thick blade.

The n&e of vibration be%ng excfted is a islightlY  distorted
ftist torsionalmode, as is indicatedby the sand pattern (fig. 91.
The nxmerical  frequency of the illustratedmode  of vibration is less
than the frequency of the first bend&g mode. The blade fe therefore
pa??ticuleyly susceptible to flutter because the lowest natural tie-
quencyisgenerallythe  easiest to excite, and flutter genereJ3y
Involves torsional vibrations. The lead&g andtraiJ.Png edges in
the center of the span possess the highest a@.itude and the highest
stresses me located near the blade root and tip at the lead- ad
icadllnn edgea. ThAs fact is 6Chstantiatedby  the results of the
eqerimf2nts 0=1 gage location. Unfortunately, the strsingagehas
ffnite size, thou& emaU, and therefore cannot be located at the
pofnt of m.a~~inr*mr  amess, which is pob&ly at the edge of the blade.
Furthemret the gage averages the sizesa over the nmnl area.

The possibility that contraction and eqension of the paasege
beween adjacent blades might be the cause of the apperent vIbratfon
Was ktvesiA.gated. The possibility was elimLuated because simultaneous
signals fYm adjacent blades were not 1800 out of phase as would be
reQd32ed ta poduce this result. tithe contiery, there appeeredto
be no relation between the phases or the amplitudes of vibration  of
adjacent blades.

The effects of blade tension and blade thictiss on frequenoy
are shown in fQures 10 and 11, respectively. The increase of the
ftis't torsionel mode frequency caused by applya.tinsion  is sm- .
What greater than Was expected.

The signIfican.ce  of sll the resulte obtained in ti t??l rune
ie best i'llustrated In figure12. The values for the maximumallowable
&@o-exglitude  vibratory stress were cslculated fkom the modified
Goodmendlegrerncorrespondlng to therotormaterialhardness of a
BrAnell hardness rum&er of 363 in reference 4. The abscissa, rathw
thsnbeingmerkedoff InmesnworkIng stresses,whichinthe  case
of the coqxxssor  sx centrifugal Etnd bending stresses, is graduated
inMach nwibers, thus en&l- Wzedlate correlationwith  tunnel d&a.
ETone of the observed peak stresses exoeeded the mex&mm~ ellowablelimits.
Therefore compressor blades of the proposed deefgn should be able to
attain full operating speeds without blade failure caused by vibratory .
stresses, provided that no stress-concentration factors are introduced
during fabrication or operation. All peak etresses observed for
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0.072-Inch  and 0.096-inch thickness were less than 20,000 pounds per
square inch and consequently do not appear on figure 12.

During the.tu.nnel investigation of the unshx&edblades, the
straingwes quickly failed. Visual inspection of the blades showed
the leading edges to be vibrating with tip am.plitudes of approximately
l/2 inch. Observation of the motion under stroboscopic light showed
the blade to be fluttering violently in the first torsional canti-
lever mode ofvibration. When the model was removed from the tunnel
after a short period of such operation, one of the blades was cracked
over 30 percent of the chord length Fran both the leading and the
trailing edges (fig. 13). In figure 13(a), the progression of the
crack through the strain gage indicates proper location of the gw
to measure me;rdmum vibratory stresses.

Inviewofthe results fror~thetunnelruns~  the oomgreasor
rotorwas cmletid as oHginallyproposedexceptthattheblades
were m.de.O.060 inch Instead of 0.046 In& thick. The aerodyns&o
tests conducted in the tunnels simultsrteously with vibration surveys
indicated satisfactory operation tith the thicker blades. Also,
vibration conditions were improved and blade stresses caused by the
centrifugaJ.  shroudloadwere reduoedbyuse of the thicker blade.
Extreme cautionwasexercfsedlnfinIsM.ngthe  rotorto remove all
nicke end ecratches that ml&t cause failure by introducing stress
concentration.

Apparatus and Procedure

The compressor  (reference 3) was instrumented with &rain gages
to warn against sustsined  operation at 8 condition of excessive stress
not duplicated in the free-jet tunnel. Two active gages, attached
at the leading edge and'near the base of diametrically opposite blades,
were used to measure vibratory stresses. Balance gages foming  the
inactive bridge arma of the electric meaeuring cirmit were mounted
under the overhanging rim of the dlek, as shown in figure 14. An
18-ring, alip-ring aseembly was used to trsnefer the strain eignsl.
from the rotor to the recordfng equipent. Two rings per concluctor
were utilizecl to minimize elip-ring interference.

The rotor was investigated in a 9OOO-horsepower variable-cqonent
coqpresBor BetlQ. The inletandthe discharge of the compresB0Twers
connectid to laboratory facilities that petitted thorough investigation
of all operating variables such as air tempera-&ret  mase flow, air
density, and inlet and discharge pressures.

.

t
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The vibrationsurveywae conductedbgcmt3mxellyob~Zng
'the vibration traces on oscillo~oopee end by recm the stresses

indicated at test points by means of a rew oscUlogr=h. At.
eack test potit, the records were anelyzed to d&emIne the stress
emrplitude, fYequencyofvibratLm,  endthe rotor speeaofthe ocm-
pressor. The tensUe stmss inthebladet due to centZif+Llgal foZWe3
wasmeasmedbg utIlizTngsnact3xe stra2ngage an&abridge circuit
sensitive only to the ate8dpstate  stress in 03fh3r to VeTSy the O&L-
culated high aWeas and possible stress concentration at the blads
root.

i5-1~ Mach nmib~s reported is of the dr flow relative to the
blades at the rotor entrance.

Discussion andF&miLts

The results of wlna-ewmex investigation on cascades were veri-
fiedby those obtalnsdwith the CCCQZ~SSCZ rotor. The compressor
tiveetigatim showed that the blades ee mibjecteato flutter vibra-
tions throughout the complete speed range of the tit. No critical
speedswerenoted,maiclybecausethe cm~reesorwas inetelledwith-
outinletguidevsneeordiffmervanes.  Whenthesevcmesereincor
poratedintotheunIt, theymayintxoducepreesucevariatim.s and
end turbulence causWg strongvibratimsl excitation. The dataindi-
cate that the vibration aaaplitude was Jnfluence a PrWiPalls by
increasine;  the angle of attack in either positive or negative direc-
tions (fig. 35). The oper&ing variables previously mentionsa had
no decided effect on the vibration, although a sustaIned vibration
-was noted at a Mach nlrniber of about 0.7, ufhich may be close to the *
criticalHachnw&er  forthe afrfoil desZgn. The formationof shock
waves within the blade passage produced no noticeable effect on the
vibration amplitude. When a oondition of surge was produced ti the
compressor, the blades fluttered violently In a pulsating mamer.
A typical record of this vibration  is shown in fQure 16. The blades
vibrated In the fmdamental tarsional mode, the frequency of which
ticreased with rotor speed, as shown in figure 17. Because the blade
Frequencies sre nearly equal throughout the rotor, abea.tfYequency
cenoccur .9ndatypicalexample  0fthisbeatFrequerEy is shoWnin
figure 18. Figure 18(a) shows a record of the blade vibration-e
the compressor was in operation. Figure 18(b) shows a vibration as
aasult of air pass- throughthe stationargrotor. At this cm-
dLtion severe vibrations have been observed and, in view of the data,
canbe attributedto Miebladeebeing  situatedathigh  mgles of
attack.
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The strees amplitude w8s calculdiea  from the maximum sign81 height
on the reuord. The maximum el23gle Bmplitude stress recorded w8e
f23,250 pounds per equ8zxi inch at 8 rotor speed of 7770 z-p, 8 Mach
number of O-714> and 8n effective 8ngle of attack of l.3' 36’. Eow-
ever, the vibratory stresees enoountered at higher speeds 8~3 of more
significance because of the higher superlmpoaed tensile stresses. A
single amplitude strese of f14,SOO pounds per square inch was reoorded
at 15,600 rpm 8t eurge, although at the s8me epeed below eurge, stresseo
of 3000 to 4000 pound8 per square inch were encountered. A plot of
the measured tensile stress due to centrifugal force is presented in
figure 19 together with the calculated stress. The dtiference between
the measured and the calculated strees is due primarily to the stress
concentr8tion at the &age location and slight strain of the inactive
gages as well 8s a tnmr>eraturs  gradient between the rotor rim and the
blade root. Nevertheless, it c8n be seen that the stress ie high and
th8t the superimposed vibratory etrese ia limited.

Fran a vibration investigation of a superecmic blade cascaiie In
asuperscmic  open-jetwindtmnel eandofblades  0~8~a in &cCUUpre6sm#
thefoUowIngresultswreobtaLne8:

1. CaSCetde h3t a&t& ehoweag~a O~i&tiCm with those Of blade6 -
in the ccmpressor.

2. Peak vibratory stresses off39,6CO pounds per square inuh,
single amplitudes at a Maoh number of 0.81 and f23,250 pounds per
squsre inch, single aunplitude, at aMach ntanber of 0.714 were observed
ti the wind +xmnel and the cqressor, respectively.

3. Increasing blade thic~ss dl‘ tensi- reduced vibratory
~-tlWEi~.

4. AtaMachmnaber ofl.&, themax&mzn mcoraed stmse we.6
&14,500 pounds per square Inch, sin&e amplitude.

5. High effective angles of attack, negative or positive, induoed
vibrations at all cqreseor speeds.

6. Severe xtbration of the blades occurred when air was passed
through the stationary ocsrpre68or.

FlightPropulsionResearchLaboratargl
Ration&l Advisory CauaTttee for Aeronautics,

Cleveland, Ohio-
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Fiigure 3. - Oecillo~ph  record shoving typical etrain-@@ eigaal of cascade-blade
vibration.
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Figure 4. - Effect of blade thickness on average vibratory
stress of tensloned and untensioned cascade blades for
nozzles with design Mach numbers of 1.35 and 1.62.
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C-21331
5.3.48

FigureI 5 . - Oeclllogrsph  record for cascade blade shwing higher-mule vibration super-
impOsti on fludamentalacde  vibration. Blade thlokrmes,  0.04.8 inoh.
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Fi@x'e 6. - Effect of blade tension on vibratory stress
for various blade thicknesses at various air velocities
for cascade blades,



24x103

a

L
z
e 16 Blade

0 .2 .a .6 .8 1.0 1.2 1.4 1.6
Mach number

Figure 7. - Effect of Mach number on vibratory stress shcwhg peak
stress at Mach nmber of approximately 0.8 for cascade blades.
Blade thickness, 0.048 inch.
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Figure 8. - Stress due to static deflection of
leading edge of supersonic-compressor blade
in cascade. Blade thickness, 0.048 inch.
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Figure 9. - Band pattern showing distorted firat torsional mode of vibration in
eupereonio-mmpressor  blade In cascade.
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Figure 10. - Effect of shulated centrifugal stress on
cascade-blade frequency. Blade thickness, 0.048 inch.
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Figure 11. - Effect of blade thickness on blade frequency
for -cascade blades.
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Figure 12. - Allowable vibratory blade stress at given Mach number
for cascade blades.
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Figuna 13. -pSilum ofunhroudedblde  incaecatle.
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(b) Trailing edge.

Figure 13. - Ccmalnded. Fallurenfumhmdedbladefn-.
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Figure 15. - Effect of angle of attack of super-
sonic-compressor blade on vibratory stress.
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Figure 16. - Oeoillogrsph records ahowing tjpiaal etrain-m of
oompreseorblade.
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Figure 17. - Effect of centrifugal force on
supersonic-compressor-blade-frequency.



c



NACA RM No. E8D30 43

(a) Strain-gage ai- of flutter at 6950 rpm.
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@I Strains a= of flutter due to air paeeing through &ationarg rob b-8.

Figure 18. - Osclillogmtph  recmd~ of blade vibration eboving poseible effect of beat
frequency.
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Figure 19. - ETfect of centrifugal force on
supersonic-compressor-blade stress.
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